Calibration of the optical lever sensitivities of atomic force microscope (AFM) cantilevers is especially important for determining the force in AFM measurements. These sensitivities depend critically on the cantilever mode used and are known to differ for static and dynamic measurements. Here, we calculate the ratio of the dynamic and static sensitivities for several common AFM cantilevers, whose shapes vary considerably, and experimentally verify these results. The dynamic-to-static optical lever sensitivity ratio is found to range from 1.09 to 1.41 for the cantilevers studied -in stark contrast to the constant value of 1.09 used widely in current calibration studies. This analysis shows that accuracy of the thermal noise method for the static spring constant is strongly dependent on cantilever geometry -neglect of these dynamic-to-static factors can induce errors exceeding 100%. We also discuss a simple experimental approach to non-invasively and simultaneously determine the dynamic and static spring constants and optical lever sensitivities of cantilevers of arbitrary shape, which is applicable to all AFM platforms that have the thermal noise method for spring constant calibration. © 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The optical lever sensitivity of an atomic force microscope (AFM) cantilever is a required parameter in many AFM measurements. [1] [2] [3] Its knowledge permits conversion of the measured voltage of the optical lever detection system, due to cantilever movement, to an absolute cantilever displacement. This in turn enables quantification of height in some AFM imaging modes, and with knowledge of the cantilever spring constant, the absolute force exerted on the cantilever. 4 The optical lever sensitivity is most commonly measured by performing a force curve on a rigid surface, where the known displacement of the sample or cantilever base is used as a reference. This procedure typically loads the cantilever under static conditions and thus provides a measurement of the static optical lever sensitivity. However, many AFM modes employ dynamic oscillation of the cantilever, which can lead to an optical lever sensitivity that differs from its measured static value. [4] [5] [6] This well-known effect has been studied primarily for rectangular and V-shaped cantilevers. 6, 7 It has been established that the dynamic-to-static optical lever sensitivity ratio for the fundamental flexural mode of a rectangular cantilever is 1.09; a constant value that is used widely in AFM measurements. However, the dependence of this value on the multitude of cantilever shapes now available has not been explored systemically.
Here, we present a theoretical analysis of the optical lever sensitivity for a range of commercially available cantilevers, 8 whose shapes vary from quasi-rectangular to highly nonrectangular. This is performed using finite element (FE) simulations, which are verified experimentally. Throughout we consider the fundamental flexural mode only. With this a) E-mail: jsader@unimelb.edu.au knowledge in hand, we then demonstrate these results by applying a non-invasive experimental approach 9 to simultaneously calibrate the spring constant and optical lever sensitivity. This enables both static and dynamic optical lever sensitivities and spring constants to be determined concurrently. We also present (in the Appendix) a simple modification of the method of Ref. 9 that facilitates its use in atomic force microscopes where all parameters from a fit to the cantilever thermal noise spectrum are not provided. This enables application of the method across every AFM platform that includes the thermal noise method for measuring the cantilever spring constant.
The detection laser in an AFM inherently probes the deflection angle of a cantilever. 4 Finite optical spot size and shape are known to affect the optical lever sensitivity, 5 and thus the effect of such non-idealities is specific to the cantilever/AFM combination used in measurements. This can limit the general applicability of a theoretical analysis of the static and dynamic optical lever sensitivities. However, with the increasing use of small optical spot sizes such considerations become less significant because the spot can be accurately placed at a point. This is especially true for cantilevers of conventional size, i.e., ∼100 μm in length, where the spot size is a small fraction of the cantilever length. We therefore ignore finite spot size effects in the present calculations.
Many atomic force microscopes currently employ a large optical spot (∼50 μm) whose size and shape varies between instruments. It is known that detection sensitivity is optimized by using a spot size matched to the cantilever dimensions [10] [11] [12] -however, this complicates quantitative calibration. 5 Importantly, many static force measurements are calibrated dynamically, e.g., using the thermal noise method for spring constant calibration, which inherently requires conversion between the dynamic and static optical lever sensitivities; see Sec. II A. As such, variable placement of a large spot of variable size will inevitably yield different force calibration using the thermal noise method -hence, such calibration is currently both user and AFM dependent. Positioning a large optical spot at the very end of the cantilever can minimize such calibration issues, 9 which allows for experimental assessment of the present calculations. However, such spot placement can also reduce the signal-to-noise of a force measurement, which is undesirable. This suggests that use of small optical spots is important for robust quantitative force calibration across AFM platforms.
The cantilevers chosen are identical to those used previously; 8 see Fig. 1 . This choice enables experimental assessment of the above-mentioned method for simultaneous calibration of the static and dynamic optical lever sensitivities and spring constants. The optical lever sensitivities of the cantilevers are calculated at their imaging-tip positions. Since cantilevers are often loaded under conditions where the bending moment vanishes at the load point, this ensures that their deflection slopes are approximately constant in the vicinity of that position, i.e., curvature of the cantilever is insignificant. Thus, positioning the laser spot slightly away from this point should have a small effect on the optical lever sensitivity, which we also explore.
II. THEORY: DYNAMIC AND STATIC PARAMETERS
The ratio of the dynamic-to-static optical lever sensitivity, χ , 5 is calculated according to
where Z and θ are the normal displacement and corresponding rotation-angle about the axis perpendicular to the cantilever length, at the imaging-tip position. Since the optical lever voltage V is proportional to θ , the rotation-angle θ can be equivalently replaced with this voltage in Eq. (1). The denominator in Eq. (1) is evaluated by applying a static normal force at the imaging-tip position, whereas the numerator is the corresponding result for the unloaded fundamental flexural mode. Since we formally consider the small amplitude deflection limit, the derivatives in Eq. (1) are independent of the applied force and deflection amplitude. The ratio, χ , defined in Eq. (1) enables conversion of the static and dynamic optical lever sensitivities, R, via the relation:
where R usually carries the units of nanometers/Volt [nm/V]. Finite element calculations 8, 13 of χ for the cantilevers in Fig. 1 are given in Table I , along with the ratio of the dynamicto-static spring constants,
reported in Ref. 8 . The complete geometries of the cantilevers, including their imaging-tips, are measured using SEM. 8 These data inform all FE calculations. Inclusion of the imaging-tips is critical for calculation of the dynamic properties because it affects the mode shapes and thus the dynamicto-static ratios. Neglect of the tip mass will increase these ratios, in general, because the tip applies an inertial load that causes the dynamic mode shape to approach the static deflection function; in the limit of infinite tip mass, the dynamic and static mode shapes coincide, i.e., ξ = χ = 1. For AC160TS, AC240TM, AC240TS, ASYMFM, the full 3D geometry of the cantilevers, including their tip shapes, are modeled using 3D FE simulations. For all other cantilevers, 2D FE calculations using plate theory are performed, and the imaging-tips are modeled as distributed masses. The dynamic spring constant is calculated by taking the 2nd derivative of the strain energy of the cantilever with respect to the amplitude at the imaging-tip position. 8 Applying a static load at the imagingtip position and determining the resulting deflection gives the required static spring constant; calculations based on the energy formulation yield identical results, as required. As discussed, the ratios ξ and χ defined in Eqs. (1) and (2) are TABLE I. Calculated ratios of dynamic-to-static spring constants, ξ , 8 and optical lever sensitivities, χ , for the cantilevers in Fig. 1 . The required correction factor for the thermal noise method, ξ χ 2 , in Eq. (4) evaluated at the imaging-tip positions; because cantilever curvature near the imaging-tip is small, positioning the laser spot away from the tip position has a minimal effect, see below. This ensures that the presented calculations are robust regardless of whether the imaging-tip is directly at the free end, or slightly back from the free end. In all cases, the FE mesh is systematically refined to ensure convergence of 99.9%, and a Poisson's ratio of 0.25 is used; varying this choice has a small effect, as reported previously. 14 The analytical solution for a long tip-less rectangular cantilever 6 and the numerical (2D FE) solution for a tip-less and infinitely thin equilateral triangular cantilever, both loaded at their end-tips, are included as benchmarks.
The results in Table I strikingly show that the dynamicto-static optical lever sensitivity ratio, χ , is dependent on cantilever geometry and can deviate strongly from the wellknown result for a rectangular cantilever (first row). An approximately linear correlation is evident between the ratios of the dynamic-to-static spring constants and optical lever sensitivities -the higher the value of ξ , the greater χ in general. This is not surprising given these ratios are driven by differences in the cantilever mode shapes, which depend explicitly on cantilever geometry. Performing a linear regression on the data in Table I gives the empirical result:
which exhibits an error of less than 1.2% for all cantilevers studied. It must be emphasized, however, that a theoretical underpinning for such a linear relation is absent -this formula must therefore be used with care when analyzing cantilevers of different geometry.
A. Implications to thermal noise method
The dynamic-to-static ratios in Table I are critical for accurate implementation of the AFM thermal noise method for spring constant calibration. 15 As has been discussed widely, 4-7 these ratios introduce correction factors in the measured static spring constant:
where Z 2 static is the mean-square displacement of the fundamental flexural mode of the cantilever as determined using the static optical lever sensitivity, i.e., Z Fig. 1 , and rectangular and triangular cantilevers, are reported in Table I . Since ξ > 1 and χ > 1, the products in ξχ 2 accentuate variations with respect to cantilever geometry -neglect of these variations in ξ χ 2 can introduce errors exceeding 100% in the thermal method; see right-most column of Table I . The (maximum) value of ξ χ 2 for an equilateral triangular cantilever should not be considered an upper limiting case, since other geometries may exhibit larger values. This variation in ξχ 2 with respect to cantilever geometry is normally ignored in AFM measurements, with the result for a rectangular cantilever often employed; see Refs. 4-8 for a discussion of other corrections. Interestingly, a recent study 16 showed that the thermal method strongly overestimates the spring constant of some commercial AFM cantilevers of solid triangular shape, consistent with the above discussion.
III. EXPERIMENTAL VALIDATION
The results in Table I predict that χ is strongly dependent on cantilever geometry, a prediction that we now assess experimentally. Two cantilevers are chosen for this purpose, AC240 and AC160 in Fig. 1 , which have χ -values near the calculated lower and upper limits. Measurements are performed with an Asylum Research MFP3D AFM using a rigid silicon substrate; this negates any artifact due to sample compliance. Both static and dynamic force curves are performed on the silicon substrate. The detection laser in this AFM platform has an elongated spot and a measured spot-size of ∼60 μm along the cantilever length (∼40 μm perpendicular to the length), which is a significant fraction of the AC160 and AC240 cantilever lengths.
Static measurements are obtained by zeroing the deflection voltage, approaching the substrate with the AFM tip at a rate much slower than that specified by the fundamental resonant frequency of the cantilever, probing a region of constant compliance with the sample until the optical lever voltage reaches 0.5-1 V, and then retracting the tip from the sample. 4 Dynamic measurements are performed in a similar manner, except the cantilever oscillates at its fundamental flexural resonant frequency and approaches the sample in intermittent contact until its oscillation amplitude reaches 80% of the free value. These amplitude curves are more nonlinear than the static deflection curves but allow for good fits due to the high quality factors (>150) of the cantilevers used; 8, 9 evidenced by the small scatter in data (see below). Optical lever sensitivities are determined by averaging linear fits to the approach and retract curves -fits are performed over small and large deflection/amplitude ranges. The large fit range is chosen as the middle 80% of the approach/retract curves, whereas the narrow range is the middle 20%; these fits give similar results, as discussed below.
Since the optical lever sensitivities will depend on the laser measurement position, a series of positions are measured accordingly to the following protocol. The laser spot is placed at the free-end of the cantilever and moved towards the clamp until the sum signal is maximized (∼6-7 V). The spot is then moved towards the cantilever free-end again and its position fixed when the sum signal drops to (i) 60% of its maximum value, (ii) 30% of its maximum value, and (iii) the lowest measurable value possible (typically ∼20%). Thirty (30) dynamic and static force curves are measured at each of these laser spot positions. This enables a systematic exploration of the effect of laser spot position and provides sufficient statistical sampling to make a proper assessment of the theoretical predictions; a total of 30 × 30 = 900 estimates of χ for each cantilever and laser spot position are obtained. Figure 2 gives histograms of the measured χ -values for both the AC160 and AC240 cantilevers at various laser spot positions, as specified above. Optical images of the laser spot positions are also given. These measurements clearly show a close correspondence with the predictions of Table I when the spot is positioned with the lowest measurable sum signal -a systematic deviation away from this predicted value is observed when the laser spot is retracted from the cantilever free-end. As predicted, good agreement is still obtained at sum signals greater than the lowest measured, provided the laser spot is close to the free-end; see Fig. 2 . Strikingly, the calculated value of χ theory = 1.254 for the AC160 device is recovered in measurements at the free-end (lowest sum signal): χ measured = 1.246 ± 0.005 (SD). For the AC240 device, measurements give χ measured = 1.121 ± 0.007(SD) in agreement with the theoretical prediction χ theory = 1.117. This agreement experimentally validates the theoretical results in Table  I . These data are obtained using the above-specified large fit range in the dynamic and static force curves. Use of the small linear fit range does not change this agreement, but simply broadens the histogram distributions (data not shown); this is because a sparser set of data is used to constrain the linear fits to the deflection/amplitude curves. While the χ -values at the furthest point from the cantilever free-end (60% of the maximum sum signal) appear close to the result for a rectangular cantilever (χ = 1.090), such agreement is fortuitous and will depend on the laser spot characteristics and the cantilever geometry. For example, use of a smaller optical spot will increase the measured value of χ for a specified reduction in the maximum sum signal; this is because the spot center will be closer to the cantilever free-end. Universal application of the rectangular result (χ = 1.090) should therefore be avoided as it does not have a rigorous theoretical underpinning for all cantilever/AFM combinations and will generally introduce an unspecified error. These results highlight the importance of laser spot positioning, with placement at the free-end (i) negating the effect of a large laser spot/non-uniform shape 9 and (ii) enabling accurate use of the results in Table I . Such placement may decrease the measurement signal-to-noise ratio and thus use of small optical spots is desirable in practice.
IV. NON-INVASIVE MEASUREMENT OF STATIC AND DYNAMIC PARAMETERS
Finally, we apply the theoretical results in Table I in conjunction with the approach of Higgins et al. 9 to non-invasively calibrate the dynamic and static optical lever sensitivities. This approach uses the thermal noise method 15 in an inverse configuration to determine the optical lever sensitivity from the known spring constant, which is measured using the method of Sader et al. 8 This inverse application of the thermal method halves any uncertainty in the measured spring constant when determining the optical lever sensitivity; this is in contrast to the usual implementation of the thermal method that doubles uncertainty in the optical lever sensitivity, see Eq. (4).
As discussed in Ref. 9 , the approach requires knowledge of the resonant frequency, quality factor, dynamic spring constant of the cantilever, and the DC noise power density of the thermal noise spectrum [V 2 Hz −1 ]; see Eq. (4) of Ref. 9 which gives the dynamic optical lever sensitivity. Results in Table I can be used directly to determine the corresponding static spring constant and optical lever sensitivity. In the Appendix, we present an alternative (and equivalent) implementation that implicitly determines the DC noise power density. Importantly, some commercial instruments currently do not report the DC noise power density, which restricts application of the method in Ref. 9 . The implementation in the Appendix gives identical results and accuracy to the method of Ref. 9 while enabling its application in such cases.
While the present results are restricted to the cantilevers in Fig. 1 , the approach is general and can be used with any 9 and data in Table I to measure the optical lever sensitivities. Conventional static optical lever sensitivities, as obtained using static force curves, are in the right-most column. Stated uncertainties are measured standard deviations. Reference parameters, R 0 and k 0 , used for alternative implementation of method (the Appendix): R 0 = 100 nm/V, giving k 0 = 361 ± 15 N/m (AC160) and k 0 = 51.1 ± 1.5 N/m (AC240). The method of Sader et al. 8 is used to measure k dynamic . The static values, k static and R static , are obtained directly from the measured dynamic values using the results in Table I .
40.6 ± 2.3 298 ± 10 36.9 ± 2.1 238 ± 8 241 ± 0.2 AC240
1.93 ± 0.04 514 ± 9 1.85± 0.04 460 ± 8 464 ± 2 AFM platform capable of implementing the thermal noise calibration method. This only requires calculation of the corresponding coefficients in Table I and determination of the hydrodynamic function 8 for the cantilever geometry in question. In Table II , we experimentally demonstrate this method for the AC160 and AC240 cantilevers measured above. Five individual measurements of the thermal noise spectra (N = 50 averages -a small number is used to minimize drift) of each cantilever are collected to determine the stated uncertainties in the spring constants; these uncertainties are primarily due to sampling noise in the thermal noise spectra and decrease as N −1/2 . 17 Since the ratio of the dynamic-to-static optical lever sensitivities is already validated experimentally (see Sec. III), we focus on comparing results for the measured static optical lever sensitivities. Thus the primary values to be compared in Table II are the static optical lever sensitivities measured using the non-invasive method [2nd column from the right in Table II ] and the conventional (invasive) approach of performing a static force curve on a rigid substrate [right-most column]. The agreement between values in the two right-most columns is consistent with those reported previously, 9, 18, 19 demonstrating the validity of the procedure and the accuracy of the calculated results in Table I .
V. CONCLUSIONS
In summary, the ratio of the dynamic and static optical lever sensitivities, χ , was calculated as a function of cantilever geometry, and a strong dependence was found. Values of χ for several cantilever geometries were determined to be in the range 1.09 < χ < 1.41; the upper and lower limits of this range for commercially available cantilevers were validated experimentally. The values of χ were observed to correlate approximately linearly with the ratio of the dynamic and static spring constants. Use of a small optical spot in practice enables general use of the calculated χ -values while maintaining significant signal-to-noise, thus facilitating robust quantitative force measurements across different AFM platforms.
The implications of these findings to the AFM thermal noise method for measuring the static spring constant were also explored. The thermal method contains a correction factor 1/(ξχ 2 ), where ξ is the ratio of the dynamic and static spring constants -both ξ and χ exceed unity and depend strongly on cantilever geometry. Consequently, use of a single universal value for 1/(ξχ 2 ) in practice, as is widely employed, can lead to systematic errors exceeding 100%. Accurate implementation of the thermal method requires knowledge of the cantilever geometry, contrary to current practice.
Calculated results for χ were used in conjunction with an experimental method 9 to non-invasively measure the optical lever sensitivities. A simplification of this method was also presented that eliminates the need to explicitly measure the DC noise power density while presenting an equivalent formulation. This simplification is useful in situations where the DC noise power density is not available, as in some current atomic force microscopes. Good agreement with standard contact measurements of the static optical lever sensitivity was demonstrated for practical cantilevers with χ -values near the lower and upper calculated limits. The results of this study are expected to be of significant practical value in AFM force measurements and cantilever design.
